Introduction: Curcumin has various biological properties including being antiinflammatory and antidiabetic. Podocyte apoptosis and autophagy dysfunction have been found to be responsible for the development of diabetic nephropathy (DN). Thus, the aim of the study was to investigate the effects of curcumin on the podocyte apoptosis and autophagy in DN and clarify its potential mechanisms. Methods: The mice with DN induced by injection of streptozotocin were treated with curcumin by gavage at a dose of 200 mg/kg/day for 8 weeks. The serum lipid levels were detected by total cholesterol (TC) and triglyceride (TG) kits at different time points. Renal damage was assessed by detecting urine albumin, serum creatinine (Scr), HE staining and PAS staining. The renal impairment was detected by immunohistochemical staining and TUNEL staining. Western blot assay tested the expression of autophagy-related and apoptotic-related proteins in vivo and vitro. The viabilities and apoptosis of MPC5 cells exposed to high glucose (HG) or curcumin were respectively detected by CCK-8 assay and flow cytometry. Results: The results showed that curcumin significantly decreased the progress of DN possibly via increasing autophagy and inhibiting apoptosis of renal cell in DN mice. Besides, podocyte marker proteins (podocalyxin and nephrin) were markedly increased in DN mice by curcumin treatment. The autophagy-related proteins LC3, p62, Beclin1, UVRAG and ATG5 were significantly affected in DN mice by curcumin, along with reducing expression of pro-apoptotic protein Bax and caspase-3 and increasing antiapoptotic protein Bcl-2. In vitro, curcumin increased the viabilities and inhibited apoptosis of MPC5 cells exposed to high glucose (HG). In addition, the podocyte autophagy was enhanced partly via regulating beclin1/UVRAG. Discussion: Together, the results showed that curcumin inhibited podocyte apoptosis and accelerated cell autophagy via regulating Beclin1/UVRAG/Bcl2. Thus, the study showed that curcumin exerted significantly protective effects in DN.
Introduction
DN is a common microvascular complication of diabetic patients, 1 the main clinical symptoms of which are renal enlargement and glomerular volume increase, causing the decreasing renal functions including proteinuria, glomerular sclerosis and renal tubule fibrosis. 2, 3 The abnormal expression of the extracellular matrix is the typical clinical symptom of DN, 4 which aggregates DN and eventually leads to glomerular mesangial expansion, tubular fibrosis and irreversible deterioration of renal function. DN is a major cause of chronic kidney disease worldwide and one of the most important long-term complications for diabetes patients in morbidity and mortality. 5 There are currently no effective treatments for DN other than symptomatic relief such as glucose control, dialysis and kidney transplantation. 6 However, the high morbidity and mortality rates of DN have not reduced. 7 Therefore, the effective and novel therapeutic strategies are critical for patients with DN. Podocytes are one of the important components of capillary filtration in renal tubules, 8 the loss and impairment of which are related to the initiation and progression of DN.
The proliferation and regeneration of podocytes in DN are limited. 9, 10 Furthermore, the highly specialized and terminally differentiated podocytes are unable to proliferate, so autophagy plays an important role in maintaining the normal structure and function of podocytes. 11 Autophagic dysfunction is involved in the loss of the podocytes, resulting in a large amount of proteinuria in DN patients. 12 Autophagy is the major intracellular degradation system by which cytoplasmic materials are delivered to the lysosome and then degraded. 13 Autophagy can maintain intracellular homeostasis and cell integrity. Thus, it is important for cell survival, differentiation and metabolism. 14, 15 Recent studies have demonstrated the important role of apoptosis and autophagy in the development and progression of DN. 16, 17 Moreover, the inhibition of autophagy in podocytes leads to renal dysfunction in diabetes. 18 Curcumin possesses a variety of biological properties beneficial to living beings, including anti-inflammatory and antidiabetic. [19] [20] [21] The studies have found that curcumin inhibits cell proliferation and induces apoptosis in several tumors. [22] [23] [24] [25] Besides, curcumin has been reported to enhance autophagy-related cell death, 26 and induce cell apoptosis through lysosomal membrane permeabilization-medicated autophagy or downregulating lncRNA. 27, 28 What's more, curcumin exerts protective effects through promoting autophagy and ameliorating apoptosis in diabetic cardiomyopathy. 29 Thus, the study mainly focused on the effects of curcumin on DN in vivo and vitro, and then analyzed its potential mechanism in apoptosis and autophagy of podocytes.
Materials and Methods

Experimental Mouse Model
The specific pathogen-free (SPF) male balb/c mice weighing 18-22 g at 8 weeks were purchased by Shanghai experimental animal center, Chinese Academy of Sciences (number of animal license: SCXK2013-0006). The mice were housed at 22°C with 12 h light-dark cycle and free access to standard rodent feed, which were randomized into DN and control group. 12 h after fasting, the DN group was induced by intraperitoneally injecting streptozotocin for consecutive 3 days (STZ; Sigma, USA) at a dose of 55 mg/kg (STZ dissolved in 0.1 mol/L sodium citrate). Meanwhile, the control group was administered with buffered saline of the same volume. The studies showed that 55 mg/kg of STZ could induce DN in mouse or rats. 30, 31 Moreover, preliminary experiments have also proved this. After 72 h, the blood from the tail top was collected to detect blood glucose through a glucometer. The blood glucose level (fasting blood glucose ≥16.7 mmol/L for 3 consequent days) indicated that the diabetic mouse model was established successfully. 32, 33 The experimental mice were randomly allocated to the following groups (n=6 per group): Group 1: normal control (NC) group, Group 2: DN group, Group 3: curcumin group. The curcumin group was given 200 mg/kg curcumin (≥98% by HPLC Yantai New Era Health Industry Co., Ltd, Shangdong, China, dissolved in carboxymethyl cellulose Na solution (CMC-Na)) once a day for 8 weeks by intragastric administration. The NC and DN groups were given 1% CMC-Na at a dose of 200 mg/kg once a day for 8 weeks by intragastric administration. The dose of curcumin has been proven to have significantly protective effects in diabetic animal models. 29, 34 Blood glucose was detected at 9, 18, 27, 36, 43, 56 days using a glucometer via tail vein after establishing a diabetic mouse. At day36, 56, the serum was collected which isolated from blood sample by eyeball extirpating. The serum was stored in −20°C refrigerator. The mice were sacrificed with ether. The study was performed following the Ethical Guidelines of the International Association for the Study of Diabetes. All experimental protocols were approved by Institutional Animal Care and Use Committee of Ningbo University and conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. All mice from each group were housed in metabolic cages to collect 24 h urine samples. The right kidneys were removed and immediately frozen in liquid nitrogen and stored at −80°C at 8 weeks after curcumin treatment. The left kidneys were fixed with 10% formaldehyde and embedded with paraffin.
The Detection of Total Cholesterol (TC) and Triglyceride (TG) of Serum
The blood in the mice was collected by eyeball extirpating, which then was centrifuged at 3000r/min for 10 min to get serum. The TC or TG levels in serum were separately detected by TC or TG kits according to manufacturer's instructions (Changchun Huili BioTechco., LTD. China)
Assessment of Renal Function
The mouse was placed into a mouse metabolic cage 1 day before mice were sacrificed. The urine samples were collected for a period of 24 h. BCG (Bromocresol Green) albumin assay kit (sigma aldrich, America) was used to detect the levels of urine albumin. Urinary albumin excretion rates (UAER) were calculated using the formula: UAER= urine albumin*urine volume of 24 h. The blood was collected through removing eye before mice were sacrificed and centrifuged to get serum. Serum creatinine levels (Scr) were analyzed using a serum creatinine kit (R&D, America).
Hematoxyline-Eosin (HE) Staining
The kidney tissues were fixed with 10% buffered formalin at room temperature for 48 h, dehydrated, and embedded in paraffin. The sections were stained with hematoxylin and eosin H&E. Blinded analysis of renal tissues were performed using a light microscope. A board-certified pathologist examined pathological alterations of renal tissues.
PAS Staining
Paraffin section of renal tissues was dewaxing hydration and then was rinsed with distilled water. The section was soaked into 1% periodate acid solution and oxidized for 10 min, and then was immersed into Schiff Reagent for 40 min without light (Jiancheng, Nanjing, China). Rinsing with running water until the tissue turned pink. The renal tissues were used to stain nuclei with Hematoxylin dye for 3-5 min and differentiated with 0.5-1.0% alcohol hydrochloride for 5 s which then was washed with double-distilled water. After that, the section was dehydrated with anhydrous ethanol and sealed with neutral gum after transparent by xylene. The glycogen mucus protein presented fuchsia and the nucleus showed blue under the microscope.
Immunofluorescence Staining
Renal tissues were embedded carefully without any damage on dry ice. Sections of 5 μm were cut and performed with Immunofluorescence staining. Alternatively, podocytes were permeabilized with Triton X-100 and washed 3-times with PBS. Briefly, sections of 5 μm were cut and fixed in 10% neutral buffered formalin; the slices were then washed with PBS and treated with 0.2% Triton X-100; podocalyxin, nephrin and LC3 antibodies were incubated with the slices after blocking with 1% BSA at 4°C overnight, washed with PBS, and then incubated with Cy3-or fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG antibodies in the dark for 1 h at 37°C. The nuclei were then stained with 4′,6-diamidino-2-phenylindole (DAPI, Genview) for 5 min in the dark. Finally, the coverslips were mounted on slides with an anti-fluorescence quencher, and the stained podocytes were observed with a Leica DM60008 microscope.
TUNEL Staining
Renal tissues were embedded on dry ice. Sections of 5 μm were cut and fixed with 4% paraformaldehyde for 10 min, then washed using PBS for 5 min for 3 times. Podocyte apoptosis was analyzed by using TUNEL staining in accordance with the manufacturer's instruction (Promega, Madison, USA). The sections were soaked into a blocking solution for 10 min and then immersed into 0.1% TritonX-100 for 1 min. The sections were incubated with tunnel solution for 60 min at room temperature, then washed with PBS for 5 min for 3 times. After that, DAPI was added to stain nuclei after dilution in PBS at a ratio of 1:1000. Anti-quench sealant was dropped on the section surface. Fluorescence microscope was used to take photographs.
Western Blot Assay
The renal tissues (20 mg) and podocyte cells were collected and lysed with RIPA lysis buffer (250μL) (Beyotime, Haiman, China). After centrifugation at 12000r/min for 20 min, protein concentration was quantified using a Bio-Rad protein assay kit (Bio-Rad). Protein samples (50μg loading protein/hole) were separated by 12% SDS-PAGE, then electrophoretically transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad). The membranes were incubated in primary antibodies (LC3: 1:1500, beclin1: 1:600, p62: 1:1000, UVRAG: 1:1000, ATG5: 1:2000, GAPDH: 1:1000. Abcam, England) (Bax: 1:200, caspase-3: 1:500, Bcl-2: 1:200. Santa Cruz, America) at 4°C overnight. Then, membranes were incubated with horseradish peroxidase-coupled secondary antibody (1:5000) for 1 h at room temperature (Santa Cruz Biotechnology). The signals were detected by chemiluminescence detection kit (Thermo Fisher Scientific). The protein bands were visualized by autoradiography and quantified by ImageJ software (National Institutes of Health, Bethesda, MD, USA). Finally, the gray value ratio of the target strip to the internal reference strip was considered as an indicator of the relative protein expression levels.
Podocyte Culture
The mouse podocyte cell (MPC5) line was purchased from the agency company of ATCC: Shanghai lianmai biological engineering co. LTD. MPC5 was cultured in RPMI 1640 medium (GENOM, Hangzhou, China) at 37°C under an atmosphere of 5% CO2, supplemented with 10% fetal bovine serum and recombinant interferon gamma (IFN-γ) that induced differentiation and maturation of MPC5 cells. The differentiated podocytes at 75% confluency were digested with trypsin and then performed to passage. The cells were continued to culture for 10-14 days without IFN-γ to fully get full differentiation and maturation. The podocytes were divided into the following groups: control (D-glucose, Sigma, America, 5.5 mmol/L), high glucose (30 mmol/l), 35, 36 or high glucose plus curcumin at three different concentration (20 μm, 40 μm, 80 μm) and control group.
Cell Proliferation Assay
The Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Japan) was used to measure cell proliferation according to the manufacturer's instructions. Podocytes were seeded into 96-well plates at a density of 5 × 10 3 cells per well with 100 µL of cell culture medium and incubated with 5% CO2 at 37 •C. At the indicated time points, 10 µL CCK-8 was added to each well. After incubation for 2 h, the absorbance at 450 nm was detected by ELx800 Absorbance Reader (BioTek Instruments, Inc., Winooski, VT, USA). 
Flow Cytometry Analysis
Statistical Analysis
GraphPad Prism software was used to perform statistical analyses. All values are presented as the mean±SD. The t-test was used to assess the differences between the two groups. Three or more group comparisons were analyzed using one-way ANOVA. P < 0.05 was considered to be statistically significant.
Results
Curcumin Decreases TC and TG Levels in DN Mouse
Comparing to the control group, the serum TC and TG levels in the DN group presented a significant increase and showed an increasing trend with the increase of weekly age. 36 days or 56 days after treatment, curcumin significantly reduced serum TC and TG levels in DN mouse as shown in Table 1 . Compared with 36 days and 56 days after administration, the serum TG and TC contents of mice in each treatment group showed a decreasing trend, but the difference was not significant.
Curcumin Improves the Renal Function of DN Mouse
The experiment mice were treated with or without curcumin for 8 weeks, and the albuminuria and urine creatinine were detected in the model group compared with the normal group. After curcumin treatment, the levels of UAER, Scr and blood glucose were obviously lower than without in the curcumin group ( Figure 1A -C, Table 1 ). Together, these results suggested that curcumin improved the renal function and reduced the levels of albuminuria, serum creatinine and blood glucose in DN mouse.
Curcumin Alleviates the Pathological Changes of the Kidneys in DN Mouse
Kidney tissues were collected for HE and PAS staining. The HE staining showed the pathological changes of the kidneys in DN mice as showed in Figure 2A . The results showed that the glomerular capillary lumen was uniform and without stricture, and the structure of renal tubules was clear, closely arranged back to back. The basement membrane of epithelial cells was intact, well arranged and no inflammatory cell infiltration in the control group. Meaningfully, glomerular hypertrophy and deformity, mesangial cell proliferation, renal tubular epithelial degeneration, some tubular lumen dilatation and inflammatory cell infiltration were observed in the DN group. Interestingly, the degeneration of renal tubular was significantly reduced, and the infiltration of inflammatory cells was significantly reduced in the curcumin group. Cell nucleus was blue and the glomerular basement membrane was purplish-red in PAS staining. The results indicated that curcumin significantly reduced the content of PAS-positive materials in DN ( Figure 2B ). Therefore, glomerular mesangial hyperplasia in DN was markedly decreased by curcumin. Overall, these data indicated that curcumin alleviates the pathological changes of the kidneys in DN mice.
Curcumin Inhibited the Renal Cell Apoptosis in DN Mouse
Next, immunohistochemical staining showed the expression of podocalyxin and nephrin which were podocyte marker proteins. As shown in Figure 3A , the expressions of podocalyxin and nephrin were lower in the DN group than the control group. It suggested that the renal podocyte damage appeared in DN mice. The podocalyxin and nephrin expression were higher in the curcumin group than the DN group, which indicated that curcumin has protective effects on podocytes. To observe the effects of curcumin on renal cell apoptosis, tunnel staining suggested that curcumin significantly reduced renal cell apoptosis in DN mice ( Figure 3B ). Western blot assay showed increased anti-apoptotic protein Bcl-2 and decreased pro-apoptotic protein Bax and caspase-3 by curcumin treatment ( Figure 3C ). These data implied that curcumin alleviated the renal cell apoptosis in DN mice.
Curcumin Promoted the Renal Cell Autophagy in DN Mouse
We next evaluate the effect of autophagy in vitro. First of all, immunofluorescence staining of LC3 showed that autophagosome was notably increased ( Figure 4A ). Moreover, the ratio of LC3II/LC3I in DN mice was significantly increased by curcumin ( Figure 4B ) which implied that curcumin increased autophagy. Besides, p62 levels were lower in the curcumin group than the DN group. Thus, the degradation pathway of autophagy lysosomes was not blocked. The results indicated that curcumin enhanced autophagy. Besides, the expression levels of proteins (beclin1, UVRAG and ATG5) involved in autophagy were determined by Western blot. Curcumin significantly increased the levels of beclin1, UVRAG and ATG5 ( Figure 4B ). Thus, curcumin increased the autophagy of the renal cell in DN mouse.
Curcumin Increased Cell Activity and Inhibited Apoptosis in Podocyte Induced by HG
To study the effect of curcumin on HG-induced apoptosis, in podocytes. MPC5 cells were incubated in medium containing 
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performed to quantify the podocyte apoptosis via flow cytometry assay. As shown in Figure 5D and E, the rate of apoptotic cells treated with high glucose was significantly increased than control, and the effects of the high glucose treatment were inhibited by curcumin. Further, Western blot assay indicated the expression of antiapoptotic protein Bcl-2 and proapoptotic protein Bax and caspase-3. Curcumin significantly increased the expression of Bcl-2 and decreased the expression of Bax and caspase-3 in a dose-dependent manner ( Figure 5F ). Therefore, curcumin increased the activities and inhibited apoptosis of podocyte induced by high glucose.
Curcumin Increased Cell Autophagy via Regulating Beclin1/UVRAG in Podocyte Induced by HG
Immunofluorescence staining determined the expression of LC2II/LC3I and in control, high glucose, or high glucose plus curcumin at three different concentrations (20 μm, 40 μm, 80 μm). Our results suggested that curcumin significantly increased the ratio of LC2II/LC3I compared with normal and high glucose group ( Figure 6A and B) . Further, the expression proteins (beclin1, p62, UVRAG and ATG5) involved in autophagy were determined in control, high glucose, or high glucose plus curcumin at three different concentrations (20 μm, 40 μm, 80 μm) by Western blot analysis. Curcumin significantly increased the expression levels of beclin1, UVRAG and ATG5 and decreased the expression of p62 in dose-dependent manner compared with high glucose group ( Figure 6B ). These data suggested that curcumin increased podocyte autophagy possibly through regulating Beclin1/UVRAG under high glucose treatment.
Discussion
Our study showed that curcumin significantly improves renal impairment in DN mice, followed by improved podocyte injury via increasing the expression of podocalyxin and nephrin. Furthermore, curcumin suppressed apoptosis and promoted autophagy of renal cells via regulating apoptosis-related proteins and autophagy-related proteins. In vitro, we found that curcumin increased the podocyte proliferation, along with inhibited cell apoptosis and increased autophagy induced by high glucose. Thus, our study suggested that curcumin might exert protective effects via inhibiting podocyte apoptosis and accelerating cell autophagy in DN. Curcumin was safe, tolerated and possessed various biological activities. However, its poor absorption greatly affected its efficacy in treating some diseases. 37 Thus, it was important to increase curcumin content in blood for studying its functions in DN. Thus, the dose of curcumin has been proved to have significant protective effects. Moreover, the dose of curcumin significantly improved renal damage and affected the autophagy pathway and apoptosis pathway in DN mice. Besides, in clinical trial, curcumin capsule significantly reduced proteinuria, inflammatory related factors in diabetic patients, which contained 500 mg turmeric. 38 Although active curcumin was comparatively lower, curcumin capsule could improve its bioavailability. Therefore, the dose of curcumin used based on preliminary animal experiments and clinical studies has significant effects for suppressing cell apoptosis and enhance autophagy in DN mice. Apoptosis was a process whereby cells died in a controlled manner, which was involved in the development of DN. 39, 40 Podocyte apoptosis is an important pathogenic alteration that leads to podocyte loss in DN. Previous studies have shown that the interaction between apoptosis and DN included complex pathways and molecular and confirmed the important role of apoptosis pathways in DN. [41] [42] [43] The B-cell lymphoma 2 family proteins are central regulators of intracellular apoptotic signaling cascades. In this study, WB showed that increased anti-apoptotic protein Bcl-2, and decreased pro-apoptotic protein Bax and caspase-3 in the curcumin group than the DN group in vivo. Simultaneously, curcumin notably increased the expression of Bcl-2 and decreased the expression of Bax and caspase −3 in a dose-dependent manner in vitro. It replied that curcumin inhibited apoptosis possibly through a mitochondrial-mediated apoptotic pathway in podocytes induced by HG. 44, 45 Podocytes were highly differentiated postmitotic cells and cell lesion seriously affected their regeneration abilities. Therefore, the fate of podocyte largely depended on its ability to respond to stimulus. Podocyte autophagy dysfunction has been reported to be responsible for the progression of DN, which was a kind of effective protective mechanism on stress. 46 Our study found that curcumin enhanced autophagy of podocyte exposed to high glucose via regulating autophagy-related proteins. It replied that curcumin enhanced the abilities of podocyte responding to high glucose. Beclin 1 was involved in human diseases including cancer, heart disease, pathogen infection, and neurodegeneration. [47] [48] [49] However, Beclin 1 was originally discovered not as an autophagy protein but as an interaction partner for the anti-apoptotic protein Bcl-2. 50 Recent studies have demonstrated that antiapoptotic protein Bcl-2 inhibit the autophagic function of Beclin 1 by binding to its BH3 domain. The subsequent studies reported that endogenous Bcl-2 probably regulated Beclin 1-mediated cell autophagy. 51 In addition, the anti-apoptotic protein Bcl-2 reduces Beclin 1-dependent autophagy. 52 Therefore, Bcl-2 family members also functioned as inhibitors for autophagic pathways. Similar to Beclin 1, UVRAG was also a tumor suppressor and was monoallelically deleted in human colon cancer cells and tissues. 53 With respect to its function in autophagy, UVRAG was reported to act together with Beclin 1 to induce autophagosome biosynthesis. 17 In this study, we found that curcumin significantly increased the expressions of beclin1, UVRAG and ATG5 and decreased the expression of p62 in DN mice. Then, podocyte study showed that curcumin significantly increased the expression levels of beclin1, UVRAG and ATG5 and decreased the expression of p62 in dose-dependent manner compared with the control group or high glucose group. Therefore, these data suggested that curcumin increased podocyte autophagy via regulating beclin1/UVRAG/Bcl-2 under the treatment of high glucose and in DN mouse.
In conclusion, this study indicated that curcumin reduced apoptosis and autophagy in DN renal tissues and podocyte exposed to high glucose via the regulation of Beclin1/UVRAG/Bcl2. Meanwhile, oral administration of curcumin improved albuminuria and the renal function in DN. These findings suggested the potential therapeutic effects of curcumin in DN.
